Development of novel filtering criteria to analyze RNA-sequencing data obtained from the murine ocular lens during embryogenesis  by Manthey, Abby L. et al.
Genomics Data 2 (2014) 369–374
Contents lists available at ScienceDirect
Genomics Data
j ou rna l homepage: ht tp : / /www. journa ls .e lsev ie r .com/genomics-data /Data in BriefDevelopment of novel ﬁltering criteria to analyze RNA-sequencing data
obtained from the murine ocular lens during embryogenesisAbby L. Manthey a, Anne M. Terrell a, Salil A. Lachke a, Shawn W. Polson b, Melinda K. Duncan a,⁎
a Department of Biological Sciences, University of Delaware, Newark, DE, USA
b Center for Bioinformatics and Computational Biology, University of Delaware, Newark, DE, USASpeciﬁcations
Organism/cell
line/tissue
Mus musculus; 15.5 day embryonic len
Sex N/A
Sequencer or
array type
Illumina HiSeq 2000
Data format Raw (FASTQ) and analyzed (normalize
Experimental
factors
Inbred (C57Bl/6bharN) wild type vs.M
(Sip1ﬂox/ﬂox no Cre) wild type; mixed b
vs. Sip1 conditional knockout (Sip1ﬂox
Experimental
features
Global identiﬁcation of differentially exp
lacking Sip1 in the lens compared to mix
controls using experimentally derived th
which was determined by comparing th
inbred and mixed background wild type
Consent N/A
Sample source
location
Newark, Delaware, USA
⁎ Corresponding author at: Melinda K. Duncan, Profe
Sciences, University of Delaware, Newark DE 19716.
E-mail address: duncanm@udel.edu (M.K. Duncan).
http://dx.doi.org/10.1016/j.gdata.2014.10.015
2213-5960/© 2014 The Authors. Published by Elsevier Inca b s t r a c ta r t i c l e i n f oArticle history:
Received 11 October 2014
Accepted 15 October 2014
Available online 24 October 2014
Keywords:
Lens
RNAseq
Biological relevance
Filtering
EmbryoNext-generation sequencing of the transcriptome (RNA-Seq) is a powerful method that allows for the quantitative
determination of absolute gene expression, and can be used to investigate how these levels change in response to an
experimental manipulation or disease condition. The sensitivity of this method allows one to analyze transcript
levels of all expressed genes, including low abundance transcripts that encode important regulatorymolecules, pro-
viding valuable insights into the global effects of experimental manipulations. However, this increased sensitivity
can also make it challenging to ascertain which expression changes are biologically signiﬁcant. Here, we describe
a novel set of ﬁltering criteria – based on biological insights and computational approaches – that were applied to
prioritize genes for further study from an extensive number of differentially expressed transcripts in lenses lacking
Smad interacting protein 1 (Sip1) obtained via RNA-Seq by Manthey and colleagues inMechanisms of Development
(Manthey et al., 2014). Notably, this workﬂow allowed an original list of over 7100 statistically signiﬁcant differen-
tially expressed genes (DEGs) to be winnowed down to 190 DEGs that likely play a biologically signiﬁcant role in
Sip1 function during lens development. Focusing on genes whose expression was upregulated or downregulated
in a manner opposite to what normally occurs during lens development, we identiﬁed 78 genes that appear to be
strongly dependent on Sip1 function. From these data (GEO accession number GSE49949), it appears that Sip1 reg-
ulates multiple genes in the lens that are generally distinct from those regulated by Sip1 in other cellular contexts,
including genes whose expression is prominent in the early head ectoderm, fromwhich the lens differentiates. Fur-
ther, the analysis criteria outlined here represent a ﬁltering scheme that can be used to prioritize genes in future
RNA-Seq investigations performed at this stage of ocular lens development.
© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).s tissue
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Experimental design, materials, and methods
Mouse models and genotyping
All mice in this study were bred and maintained in the University of
Delaware Animal Facility and adhered to the Association for Research in
Vision and Ophthalmology (ARVO) Statement for the Use of Animals in
Ophthalmic andVision Research. All animal protocolswere approved by
the University of Delaware Institutional Animal Care and Use Commit-
tee (IACUC) (approval number: 1039).
Smad interacting protein 1 (Sip1), a ZEB transcription factor, is
expressed as the lens vesicle separates from the head ectoderm in the
embryonic mouse [1], becoming more localized to the equatorial lens
epithelial cells and transition zone in the adult [2]. An earlier study,the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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onstrated that this gene is important for the separation of the lens ves-
icle from the presumptive corneal epithelium [3]. However, very little
was known about the role of this protein in the lens following this de-
velopmental stage. To this end, mixed background mice harboring the
Sip1 gene with exon 7 ﬂanked by LoxP (also known as ﬂox) sites
(Sip1ﬂox(ex7) or ZEB2tm1.1Yhi in the Mouse Genome Informatics Database)
[4] were obtained from Dr. Yujiro Higashi (Osaka University, Osaka,
Japan). These mice were then crossed to MLR10Cre mice expressing
Cre recombinase in all lens cells from the lens vesicle stage onward
[5], which were originally obtained from Dr. Michael Robinson (Miami
University, Oxford, Ohio) on an FVB/N genetic background, then
backcrossed four generations to C57Bl/6bharN (Harlan Sprague Dawley,
Indianapolis, Indiana) in our laboratory. Embryos were staged by
designating the day that the vaginal plug was observed in the dam as
E0.5.
In order to genotype thesemice, DNAwas isolated from adult tail bi-
opsies using the PureGene Tissues and Mouse Tail kit (Gentra Systems,
Minneapolis,Minnesota) following themanufacturer's instructions. The
DNA was quantitated with an ND-1000 UV–Vis Spectrophotometer
(Nanodrop Technologies; Software V3.1.2) and stored at 4 °C until
use. Genotyping PCR reactions were done using the following recipe
per sample: 10 μl Taq PCR mix (Qiagen, Valencia, California), 1 μl for-
ward primer, 1 μl reverse primer, 7 μl nuclease free water (IDT,
Coralville, Indiana), and 1 μl of isolated DNA (approximately 100 ng).
Mice were genotyped for the presence of the ﬂoxed Sip1 alleles as
well as the MLR10Cre transgene using previously described primer
sets [1,5] and the following PCR parameters: 30 cycles of 94 °C for
30 s, 58 °C for 30 s, and 72 °C for 30 s, with a ﬁnal extension at 72 °C
for 10min. Gel electrophoresis was used to separate bands on a 2% aga-
rose ethidium bromide gel followed by visualization on a Carestream
Gel Logic 212 Pro.
Following several rounds of mating, we obtained mice with the Sip1
conditional knockout (cKO) genotype (Sip1ﬂox/ﬂox +MLR10Cre), which
lacked both alleles of the Sip1 gene from the lens starting at E10.5 on-
ward [1]. These mice had major defects in lens ﬁber cell migration dur-
ing development, ultimately leading to cataract formation in the adult.
Unfortunately, a candidate gene approach to determine the transcrip-
tional changes responsible for these gross morphological alterations
was not fruitful [1]. Thus, we sought to use an unbiased approach to
determine the global changes in the transcriptome of Sip1 cKO lenses
at E15.5, which represents the developmental stage immediately prox-
imal to the onset of the most obvious morphological change in these
mice.
Notably, at the time this studywas performed, no RNA-Seq data had
been previously reported for the ocular lens. Although this highlights
the novelty of this study, it also posed a question of applicability of
this method to such a biased transcriptome as that found in the lens,
where the expression of structural genes, such as crystallins, predomi-
nates over genes that regulate cell function and phenotype [6]. There-
fore, we ﬁrst examined the ability of RNA-Seq to quantitate the
expression of both structural and regulatory genes in E15.5 lenses
obtained from inbred mice (C57Bl/6bharN, denoted “AG” in the GEO
datasets). These datawere also used to estimate the expression variance
observed between biological replicates obtained from this inbred strain,
as such animals are expected to lack genetic variability outside of that
conferred by the sex chromosomes. We further expanded this investi-
gation to include anRNA-Seq analysis of the gene expressiondifferences
in phenotypically normal E15.5 lenses arising solely from genetic
background variability. To do so, gene expression was compared
between lenses isolated from a genetically uniform inbred strain
(C57Bl/6bharN; the AG data set) to that observed for embryos homozy-
gous for the Sip1ﬂox allele (but lacking Cre), which have a mixed genetic
background derived from 129/Sv, C57Bl/6, and FVB/N strains. These
Sip1ﬂox/ﬂox no Cre animals (denoted “WT” in the GEO datasets) are the
source of the wild type controls used in both the phenotypic and geneexpression analyses of the Sip1 cKO lenses, which have a similar
mixed genetic background [1].
Sample collection, RNA Isolation, and RNA quality control
Lenses were collected from E15.5 Sip1 cKO (30 lenses per biological
replicate), mixed background wild type (30 lenses per biological repli-
cate), and inbred wild type mice (75 lenses per biological replicate)
using micro-dissection, during which the retina, blood vessels, and cor-
nea were carefully removed with forceps. Three biological replicates
were collected for each genotype. Total RNAwas extracted and isolated
using the SV Total RNA Isolation System (Invitrogen, Grand Island,
New York) according to the manufacturer's instructions.
To determine the quality and concentration of the isolated RNA,
small aliquots of each sample were run on an Agilent 2100 Bioanalyzer
using the Agilent RNA 6000 Nano Kit as per the manufacturer's instruc-
tions. The RNA integrity number (RIN) and concentration were deter-
mined for each sample in order to determine the overall quality and
suitability for RNA-Seq. According to the Illumina® TruSeq™ RNA Sam-
ple Preparation Kit v2 used for library preparation, a RIN greater than or
equal to 8 along with a concentration of at least 0.1 μg is sufﬁcient for
mammalian RNA-Seq experiments [7]. Total RNA samples that were of
high enough quality were then used for library construction and cluster
generation. In this analysis, all samples had RIN values greater than 9.2
and concentrations over 300 ng/μl.
Library preparation and sequencing
Using poly-T oligo attached magnetic beads, mRNA was puriﬁed
from the total RNA samples and converted to a library of template mol-
ecules for cluster generation and DNA sequencing at Global Biologics
(Columbia, Missouri) according to the Illumina® TruSeq™ RNA Sample
Preparation Kit v2. Brieﬂy, thepuriﬁedmRNAwasmixedwith a solution
of divalent cations, and then denatured (65 °C), eluted (80 °C), and
fragmented. The RNA fragments were then copied into ﬁrst strand
cDNA using reverse transcriptase and random primers, followed by sec-
ond strand cDNA synthesis using DNA polymerase I and RNase H. The
cDNA overhangs resulting from fragmentation were then converted
into blunt ends, and the 3′ ends were adenylated with a single nucleo-
tide base to prevent the fragments from ligating to each other and to
provide a hybridization target for the adapters, which have a single thy-
mine residue at the 3′ end. Using PCR, the puriﬁed, ligated cDNA prod-
ucts were then enriched to create the ﬁnal cDNA library.
Each of the adaptor-tagged, single-end cDNA libraries was then
bound at both ends to a TruSeq v3 ﬂow cell, forming single strand brid-
ges, which were then ampliﬁed by binding single molecules to each
strand, forming double-stranded bridges. Each bridge was then dena-
tured to form two copies of covalently bound single-stranded template.
This was continued to generate a “cluster” of identical copies. Finally,
the reverse strands were cleaved and washed away, leaving only the
forward strands. The free 3′ ends of these single strands of DNA were
blocked and the sequencing primer was hybridized to each. The
resulting cDNA library cluster was then sequenced using the SBS
Sequencing Kit on an Illumina HiSeq 2000 Sequencer (University of
Delaware Genotyping and Sequencing Center) with 50-cycle single-
end (50 bp) reads. Using the Illumina Pipeline software (version RTA
1.13.48/CASAVA 1.8.2), the images were analyzed, and the bases called
and translated to generate FASTQ sequence ﬁles.
Gene mapping and normalization
Next generation sequencing platforms, such as the Illumina HiSeq,
produce tens to hundreds of millions of sequence reads during an
RNA-Seq experiment. These large volumes of data can obscure evidence
of issues that are introduced during library preparation and sequencing.
For this reason, a critical ﬁrst step in RNA-Seq data analysis is to apply
Table 1
Expression levels for representative regulatory and structural genes in the E15.5 inbred
mouse lens.
Gene
symbol
Gene name Mean
expression
(RPKM)
Citation
Regulatory genes
Bin3 Bridging integrator 3 2.6 [21]
Cdh1 E-cadherin 35.0 [22]
Dnase2B Deoxyribonuclease II beta 16.9 [23]
Fgfr1 Fibroblast growth factor receptor 1 13.4 [24]
Fgfr2 Fibroblast growth factor receptor 2 9.0 [24]
Fgfr3 Fibroblast growth factor receptor 3 41.4 [24]
Foxe3 Forkhead box E3 136.4 [25]
Itga3 α3-Integrin 9.1 [26]
Itga6 α6-Integrin 27.4 [26]
Itgav αV-Integrin 8.9 [27]
Itgb1 β1-Integrin 74.6 [28]
Jag1 Jagged 1 66.2 [29]
Loxl1 Lysyl oxidase-like 1 24.3 [30]
MAF Avian musculoaponeurotic ﬁbrosarcoma AS42
oncogene homolog (c-Maf)
152.7 [31]
NHS Nance–Horan Syndrome 13.3 [32]
Notch2 Notch gene homolog 2 4.1 [33]
Notch 1 Notch gene homolog 1 2.5 [34]
Pax6 Paired box gene 6 11.2 [35]
Prox1 Prospero-related homeobox 1 97.6 [36]
Six3 Sine oculis-related homeobox 3 homolog 13.8 [37]
Tdrd7 Tudor domain containing 7 362 [38]
Txn1 Thioredoxin 1 66.2 [39]
Zeb1 Zinc ﬁnger E-box binding homeobox 1 (δEF1) 3.8 [19]
Zeb2 Zinc ﬁnger E-box binding homeobox 2 (Sip1) 5.8 [1]
Structural genes
Cryba1 βA3/A1 crystallin 23,643.5 [40]
Crygf γF-crystallin 14,682.3 [41]
Mip Major intrinsic protein of the eye lens ﬁber
(Aquaporin 0)
3621.6 [42]
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FastQC tool (http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/) and components of the CLC Genomics Workbench (ver. 6.1,
CLC Bio, Aarhus, Denmark) to examine the data for nucleotide usage
skews, low per base quality, assignment of ambiguous nucleotides,
and unusual sequence content (e.g., overrepresented kmers and se-
quencing adapters). Additional quality control metrics were also
assessed throughout the analysis process to insure the integrity of the
sequencing data and the bioinformatic analysis.
Upon conﬁrmation of sequence quality, sequences were trimmed to
remove the Illumina TruSeq adapters and poly-A as well as low quality
sequence ends (ambiguous base limit: 0, quality limit: 0.01) using the
CLC Genomics Server (v. 5.1) Trim Sequences tool. Following trimming,
all sequences shorter than 35 bp were discarded. High quality se-
quences were aligned to the Mus musculus reference genome (Build
NCBI-M37.65 Ensembl/MGI annotations) using the CLC RNA-Seq refer-
ence mapping algorithm (length coverage: 0.9, identity: 0.8). Reads
mapping uniquely to exonic portions of an annotated genewere includ-
ed in observed count totals on a per gene basis. The number of mapped
reads per kilobase of transcript per million mapped reads (reads per ki-
lobase per million; RPKM) was calculated from raw counts to rank the
expressed genes. Differentially expressed genes (DEGs) were identiﬁed
by calculating the variance from a beta binomial distribution using the
method of Baggerly et al. [8] against quantile normalized observed
counts [reviewed in [9]] producing per gene p-values that were false
discovery rate (FDR) corrected for multiple comparison [10]. This anal-
ysis resulted in the identiﬁcation of 7108 genes whose expression was
altered signiﬁcantly in the Sip1 cKO lens compared to the mixed back-
ground WT lenses at a 95% conﬁdence level, corresponding to nearly
30% of the predicted mRNA coding genes in the mouse genome [11].
In order to focus solely on the biologically signiﬁcant expression chang-
es involved in Sip1 function, we developed a ﬁltering strategy using ex-
perimentally derived thresholds that estimate which of these changes
are likely to be biologically relevant.
Filtering strategy
RNA-Seq provides investigators with the ability to rapidly sequence
millions to hundreds of millions of transcripts, allowing for the quanti-
tative determination of relative transcript abundance within an mRNA
pool. Notably, this ability to simultaneously detect highly expressed as
well as rare transcripts, while useful when examining the range of glob-
al gene expression changes,may also result in the identiﬁcation of DEGs
that are present at levels far below that needed to affect the biology of a
cell or tissue. Thus,we sought to determineﬁltering criteria tominimize
the consideration of DEGs whose expression levels could be reasonably
hypothesized to be below the level necessary to affect cellular function
or phenotype, allowing us to focus on those that aremost likely to be bi-
ologically signiﬁcant. First, we attempted to extrapolate the likely abun-
dance of each mRNA at the level of a single cell. Although the mRNA
content of a cell can vary greatly depending on cell type, as well as
other factors [12], it has been estimated that a typical mammalian cell
contains approximately 500,000 molecules of mRNA [13]. As RNA-Seq
data is often normalized and reported as RPKM, a rough estimate
equates 2 RPKM to represent approximately one mRNA molecule per
cell. However, because of the cellular heterogeneity of the lens, it is ar-
guable that not all genes considered to be expressed in the lens are ac-
tually expressed in each cell. To account for this, we also mined the
WT RNA-Seq data for regulatory genes with known roles in lens biology
to estimate howmuch mRNAwould be necessary to affect lens biology
(see Table 1), and found that the vast majority of genes with known
functions in the lens are expressed at levels greater than 2 RPKM.
Based on these estimates, we only chose genes with a mean RPKM
value greater than two for at least one experimental condition for fur-
ther analysis. Notably, this threshold also appeared to eliminate signals
derived from the minimal amount of contamination from neighboringtissues that is, to some extent, inevitable during murine embryonic
lens isolation. For example, the expression of theKrüppel-like transcrip-
tion factors Klf4 and Klf5, which are abundant in the corneal epithelium
[14,15], was detected at 0.48 RPKM and 0.09 RPKM respectively, while
those for platelet endothelial cell adhesion molecule 1 (Pecam1), a
marker expressed abundantly in blood vessels [16], including the
blood vessel network surrounding the embryonic lens (known as tunica
vasculosa lentis), were also detected at levels below 2 RPKM in the ma-
jority of biological replicates.
These ﬁltering criteria were further validated and reﬁned by consid-
ering the effect of genetic background variation on gene expression in
the lens by comparing the expression levels for E15.5 lenses isolated
from an inbred, and thus genetically uniform, strain (the AG data set)
and a more genetically diverse wild type population (the WT data set)
that had variable genetic contributions from multiple strains. In total,
1611 known genes (i.e., pseudogenes and unknown/predicted se-
quences were not included), which were expressed at levels over 2
RPKM in either WT or AG, were found to be signiﬁcantly different be-
tween the two samples at more than a 95% conﬁdence level. Notably,
though, the differences in expression level detected between these
two datasets were under 2.5 fold approximately 99% of the time
(1591 genes out of 1611 genes; see Supplementary Table). Further,
none of the 20 genes altered over 2.5 fold have known functions in
the lens, but have been predicted to function in a wide array of cellular
processes (Table 2). This analysis suggests that changes in mRNA
expression above 2.5 fold are most likely biologically/functionally sig-
niﬁcant, and this threshold can be used to better emphasize the biolog-
ically relevant effects of genetic manipulations on the mouse lens.
Application of theseﬁltering criteria (unnormalized RPKMover 2 for
either WT or mutant lenses, a change in unnormalized RPKM greater
than 2 between WT and mutant lens, fold change greater than 2.5 be-
tween WT and mutant lens) to the 7108 genes that were signiﬁcantly
Table 2
Predicted biological function for genes differentially expressed more than 2.5 fold in E15.5 lenses obtained from mixed background (WT) mice compared to those from an inbred strain
(AG).
Gene ID Gene name Fold
changea
FDR
p-value
WT RPKM
meansb
AG RPKM
meansb
Predicted biological functionc
Snhg9 Small nucleolar RNA host gene (non-protein coding) 9 6.56 2.52E−05 1.14 7.79 Long non-coding RNA
Ccbe1 Collagen and calcium binding EGF domains 1 5.02 0 0.56 2.98 ECM remodeling/cell migration
Eif3j Eukaryotic translation initiation factor 3, subunit J 4.70 0 6.09 19.64 Component of the translation initiation complex
Adamts4 A disintegrin-like and metallopeptidase (reprolysin
type) with thrombospondin type 1 motif, 4
3.69 5.20E−06 1.02 3.93 Degradation of the cartilage proteoglycan aggrecan
Lars2 Leucyl-tRNA synthetase 2, mitochondrial 2.90 9.46E−11 150.92 467.79 Leucine tRNA ligase
Mid1 Midline 1 2.71 1.72E−03 6.71 18.49 Protein complex anchoring to microtubules
Tdg Thymine DNA glycosylase 2.57 7.95E−14 4.19 16.11 DNA mismatch repair (G/T)
Rpl5 Ribosomal protein L5 −2.58 3.61E−29 228.60 176.68 rRNA maturation; 60S ribosomal subunit formation
Cd59a CD59a antigen −2.65 6.01E−14 5.57 2.09 Complement-mediated cell lysis regulation
Avp Arginine vasopressin −2.66 1.56E−08 4.94 1.71 Water retention; blood vessel constriction
Lsm7 LSM7 homolog, U6 small nuclear RNA associated
(S. cerevisiae)
−2.74 8.54E−10 70.55 62.08 U6 snRNA binding during pre-mRNA splicing
Ccdc117 Coiled-coil domain containing 117 −2.82 3.51E−19 26.31 9.68 Unknown
Rpl22l1 Ribosomal protein L22 like 1 −3.00 6.19E−14 183.84 71.56 Protein component of the ribosome
Nme2 NME/NM23 nucleoside diphosphate kinase 2 −3.27 2.28E−10 174.43 132.82 Non-ATP nucleoside triphosphate synthesis
mt-Atp8 Mitochondrially encoded ATP synthase protein 8 −3.28 7.69E−09 2343.43 1146.27 Membrane anchor for ATP synthase
Scg5 Secretogranin V −4.37 3.08E−40 2.71 0.61 Molecular chaperone
Gchfr GTP cyclohydrolase I feedback regulator −4.38 2.89E−04 2.96 0.68 Mediator of GTP cyclohydrolase inhibition
Zfp580 Zinc ﬁnger protein 580 −5.20 2.22E−03 3.31 1.07 Endothelial cell proliferation and migration
Xlr3b X-linked lymphocyte-regulated 3B −5.22 3.62E−12 2.59 0.49 Facilitator of parent-of-origin effects on cognitive function
Hist1h2al Histone cluster 1, H2al –? 0.011 10.17 0.71 Core component of nucleosomes
a Calculated from the normalized RPKM means.
b Unnormalized RPKMmeans.
c Predicted biological function as speciﬁed by GeneCards (www.genecards.org).
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unique, DEGs with a high likelihood of being relevant to the function of
Sip1 in the lens [1].
Data mining iSyTE to determine the usual expression changes for Sip1 cKO
DEGs during lens development
To further investigate the relevance of the 190 Sip1 cKO DEGs to lens
biology and to determine their likelihood of being direct Sip1 targets,
we sought to compare these candidate genes with existing lens devel-
opmental gene expression data in the web-based resource iSyTE
(integrated Systems Tool for Eye gene discovery; http://bioinformatics.
udel.edu/Research/iSyTE) [17]. iSyTE contains gene expressionmicroar-
ray datasets generated on the Affymetrix Mouse Genome 430 2.0 Array
platform for wild type outbred ICRmouse lenses at stages ranging from
the lens pit/early lens vesicle (E10.5; onset of Sip1 protein expression in
the lens [1]) to the lens vesicle (E11.5) and early lens (E12.5).Moreover,
iSyTE contains microarray datasets on the same platform for mouse
whole embryonic tissue without eyes (whole body, WB) from pooled
stages E10.5, E11.5, and E12.5 [17]. All microarray datasets in the iSyTE
study are deposited in GEO (accession number GSE32334), and their
analysis has been described in detail [17]. While the lens datasets pro-
vide information on the dynamics of gene expression in the developing
lens over this period, a t-statistic comparison of the lens dataset at each
stage with the WB dataset expands the analysis to include the estima-
tion of whether candidate genes exhibit “lens-enriched” expression
compared to the remainder of the body. Here, the iSyTE lensmicroarray
database was interrogated to compare how the 190 DEGs identiﬁed in
the Sip1 cKO lens normally change in gene expression between the
onset of Sip1 expression at E10.5 and at E12.5, when Sip1 protein
expression in the lens is robust [1]. Based on this comparison, the
DEGs in the Sip1 cKO lens were binned as follows: (A) signiﬁcantly
higher (p b 0.05) in the E10.5 lens when compared to E12.5 lens;
(B) signiﬁcantly lower (p b 0.05) in the E10.5 lens compared to E12.5
lens; (C) not signiﬁcantly expressed (detection p-value N 0.05) in either
the E10.5 or E12.5 lens; (D) not found in the processed Affymetrix
dataset; and (E) expressed at levels that are not signiﬁcantly different
between E10.5 and the E12.5 lens. Application of this specialized ﬁlterbased on normal gene expression changes in the lens that occurs coin-
cident with the onset of Sip1 expression allowed us to narrow down
which DEGs are likely to be under Sip1 control. Indeed, a signiﬁcant
number of genes downregulated in the Sip1 cKO mutant lens were
found to be upregulated in the normal lens as it progresses from E10.5
to E12.5. Conversely, a signiﬁcant subset of genes thatwere upregulated
in the Sip1 cKO lenswere found to be downregulated in the normal lens
as it progresses from E10.5 to E12.5. Thus, based on their dynamic ex-
pression pattern in the normal lens, this analysis led to the identiﬁcation
of a subset (n= 78; 41%) of the 190 Sip1 cKO DEGs that we believe are
strongly dependent on Sip1 function and warrant further investigation
to determine their contribution toward the abnormal lens phenotype
of the Sip1 cKO mice.
Discussion
While a candidate gene approach is a usefulmethod that can be used
to elucidate the mechanisms underlying a biological process, this ap-
proach is inherently biased, and often fails in scenarios where the com-
plexities of a protein's function are not fully known. Sip1 was ﬁrst
described biochemically as a Smad interacting protein and, as such, its
function has been intensely investigated in relationship to Smad/
transforming growth factor beta (TGFβ) superfamily regulated process-
es, such asﬁbrosis and cancer [18]. However, Sip1 is also expressed dur-
ing development and plays important roles in the formation of the lens,
although it does not appear to regulate the same genes during lens de-
velopment/wound healing that it does in diseases arising outside of the
lens [1,3,19]. Thus, after our candidate gene analysis did not uncover the
function of Sip1 in the lens, we performed RNA-Seq on Sip1 cKO lenses
as an unbiased approach to better understand themolecular function of
this complex gene during lens development. Notably, themain strength
of RNA-Seq (i.e., its ability to quantitate gene expression changes with
high sensitivity) can also be considered as one of its major disadvan-
tages, as large numbers of statistically signiﬁcant changes are detected
that must then be prioritized for further study. One approach that is
often utilized for such prioritization is to use software that determines
which DEGs share common biochemical or biological functions,
such as Ingenuity Pathway Analysis (IPA; http://www.ingenuity.com/
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http://gsaa.unc.edu), Database for Annotation, Visualization, and Inte-
grated Discovery (DAVID; http://david.abcc.ncifcrf.gov/), Integrated
Protein Expression (iProXpress; http://proteininformationresource.
org/iproxpress/), and many others. However, the databases underlying
these software tools introduce their own bias to the data analysis as
the literature and other information sources used by these tools focus
heavily on human disease pathways, which may not be relevant in
other biological contexts. Further, such programs typically do not take
the transcript abundance into consideration, which can result in unjus-
tiﬁed attention to low abundance, non-biologically relevant DEGs.
Here, we report an integrated method using computational and bio-
logical factors to prioritize genes from an expansive list of statistically
signiﬁcant DEGs identiﬁed by RNA-Seq experiments. This approach is
particularly useful when available pathway analysis tools fail to identify
biologically important changes from a list of statistically signiﬁcant
DEGs. We ﬁrst developed a ﬁltering strategy to restrict the number of
genes under consideration to those likely to be expressed at high
enough levels to affect cell biology. Generally, the study of architectural-
ly complex tissues would be expected to make the choice of such a cut-
off difﬁcult as each cell type has its own unique transcriptome;
however, we believe this is less of a concern in the developing lens as
this tissue only has two distinct cell types (epithelial and ﬁber cells)
and one transitional stage (epithelial to ﬁber cell differentiation). Over-
all, while it is possible that the 2 RPKMcutoff removes some biologically
important genes from further consideration, it is likely that the number
of these genes is very low and that the majority of biologically relevant
genes are retained in the ﬁnal list of DEGs.
Unfortunately, after applying this minimal expression level ﬁlter to
the list of genes differentially expressed between the WT and Sip1 cKO
lenses, the number of candidate genes identiﬁed was still too large to
provide much biological insight. To address this problem, we ﬁrst com-
pared the lens transcriptomes of two phenotypically normal mouse
populations: 1) an inbred strain, which represents a practical source of
genetically identical mice, and 2) a randomly bred mixed strain with
similar genetic background composition as the Sip1 cKOmice, only lack-
ing the Cre recombinase transgene. This analysis revealed that these
two groups of phenotypically normal lenses expressed over 7700
genes at levels over 2 RPKM, of which 1611 of the known genes were
expressed at signiﬁcantly different levels between these two strains.
Notably though, the vast majority (99%) of these signiﬁcant changes
were less than 2.5 fold, leading us to conclude that this fold change rep-
resents an ideal cutoff for removing noise resulting from strain to strain
variation. Thus, we only considered changes in gene expression that
were greater than this fold change in ourWT versus Sip1 cKO compara-
tive analysis. The 20 genes altered more than 2.5 fold in the AG versus
WT analysis were also removed from the Sip1 cKO DEG list as they
were likely due to the effect of the mixed genetic background studied.
The application of this second ﬁlter yielded a manageable list of 190 bi-
ologically relevant genes exhibiting differential expression between the
WT and Sip1 cKO lens. However, this list did not include any of the
known Sip1 target genes, and established pathway analysis tools did
not yield any obvious insight into Sip1 function in the lens. Therefore,
in order to better understand the function of the 190 Sip1-regulated
genes during lens development, we investigated their normal expres-
sion patterns during the very early stages of lens development using
the bioinformatics tool, iSyTE.
The iSyTE database contains microarray-based datasets that com-
pare the relative expression of genes during the earliest stages of
mouse lens development (E10.5–12.5, lens pit through early lens) as
well as between the lens and a whole embryonic reference dataset
[17]. While the ﬁrst analysis identiﬁes genes expressed in individual
stages of the lens, the comparative analysis of lens datasets with the
WB allows identiﬁcation of genes based on their enriched expression
in the lens. Based on lens-enriched expression, iSyTE has been success-
fully used to help investigators studying the genetic basis of cataractsprioritize, within a mapped interval, the promising candidate genes
that are the most likely causing the observed lens phenotype [17]. In
this study, the utility of the iSyTE dataset was expanded to compare
the normal expression pattern of genes differentially expressed in
the Sip1 cKO lens over the period coincident with the onset of Sip1 ex-
pression. This approach was particularly useful to determine which ex-
pression changes are likely being directly affected by Sip1, as Sip1 is a
transcription factor [2,18] and would thus be expected to directly regu-
late the transcript levels of its target genes. Integrating the iSyTE ﬁlter
enabled us to focus on 41% of the 190 DEGs in the Sip1 cKO lens. This
led to the identiﬁcation of not only the candidate genes whose expres-
sion needed to be downregulated as the lens progressed in normal
development (but were not in the Sip1 cKO mutants), but also the can-
didates whose expression needed to be upregulated in normal develop-
ment (but were not in the Sip1 cKOmutants). As an analogous example,
misexpression of Foxe3, a highly lens epithelium-enriched transcription
factor that needs to be downregulated in the ﬁber cells during differen-
tiation, beyond its normal site of downregulation, results in abnormal
continued expression of other epithelial markers [20]. At the same
time, this also causes a defect in the upregulation of ﬁber cell genes
that are expressed at this stage of cellular differentiation. These data re-
inforce the argument that deﬁciencies in transcription factors that func-
tion as repressors and activators are expected to cause alterations in the
up- or downregulation of genes in normal development, in turn contrib-
uting to the pathogenesis of the tissue inmutant phenotypes. Therefore,
DEG datasets that result from deﬁciencies of such regulatory proteins
need to be analyzed with reference to the appropriate developmental
stage and tissue context to prioritize important candidates.
In conclusion, the ocular environment changes dramatically as the
lens vesicle closes, and understanding the global changes in gene ex-
pression as well as the function of individual genes during this stage is
of critical importance for understanding lens development. This RNA-
Seq analysis performed on lenses lacking Sip1 allowed us to show, for
theﬁrst time, that an important function of Sip1 is to repress the expres-
sion of genes which are found in lens precursor cells, but should turn off
during normal lens development [1]. Notably, we also found that this
function of Sip1 was recapitulated during the lens wound healing re-
sponse following cataract surgery in adult lenses, further emphasizing
that this role is likely to be very important in the lens [19]. Overall,
our various analysis ﬁlters allowed us to narrow down an unmanage-
able list of differentially regulated genes from 7108 candidates to 78
(a reduction of over 91 fold) that are highly relevant to our understand-
ing of Sip1 function in the lens.
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